In order to protect industrial components, cobalt base alloys are applied as hardfacing material through welding techniques. A large number of papers have shown that controlling the chemical composition is a key point regarding the wear and corrosion resistance of coatings. This paper investigated the effect of bead overlapping on the microstructure and properties of CoCrWC alloy coatings. Mechanical properties were determined by hardness, sliding wear and microtensile tests. Bead overlapping reduces dilution during the previous bead melting, which in turn induces lower iron content. From the second bead on, an increase in the amount of interdendritic carbides and solid solution alloying was verified, accounting for the higher mechanical properties of the coatings.
Introduction
Surface engineering continuously seeks to protect industrial components in order to improve their service life, either with new alloys or advanced manufacturing processes. Oil and gas, chemical and petrochemical, nuclear and steelmaking facilities are examples of important industrial usages. Nuclear power plants have reported the risk resulting from the conversion of cobalt wear debris into radioactive 60 Co, and have therefore demanded a reduction of wear rate. Another typical harsh environment is met in hot-dip galvanizing lines. Bushings and bearings are exposed to a complex degradation mechanism, which involves abrasive wear, high temperature and molten metal corrosion, reducing the service life of parts [1] [2] [3] [4] [5] [6] .
In light of this, cobalt base alloys can be applied when these operational requirements are present. Hence, alloys can be selected as wear-resistant bulk or hardface material. Among the options, the carbide reinforced alloy system can be selected for its inherent high strength, wear and corrosion resistance and ability to retain hardness at elevated temperatures 7 . Its microstructure consists of hard carbide particles dispersed in a cobalt-rich solid solution matrix (Co-SS) 7, 8 .Therefore, chemical composition considerably influences microstructure and, of course, mechanical properties and resistance to abrasion, since it dictates the volume fraction of carbides [1] [2] [3] 7, 8 .
Moreover, the hardfacing of steel substrates has been considered for their attractive properties and relatively low cost. In fact, dilution should be kept as low as possible, since higher dilution induces a decrease in hardness often associated with microstructure changes, that is, a lower fraction of strengthening carbides and lower alloying in the Co-SS 8,11-15 . Halstead and Rawlings 16 have investigated the effect of iron additions on Co-based alloys microstructure, and many recent welding papers 8, 12, 14, 15 have confirmed a larger fraction of Co-rich solid solution phase as higher dilution in the steel substrate is achieved 8 .
Furthermore, since applying welded coatings may optimize the wear resistance of a mechanical component, selecting the appropriate composition of the feeding material is considered the first critical step. Thereafter, substrate and processing parameters arise as decisive factors regarding the microstructure, hardness and wear behavior of coatings 8, 9 . Despite being widely cited as a potential and attractive process to obtain protective coatings 10 , plasma transferred arc requires the adjustment of coating parameters in order to optimize properties. Thus, attempting to understand how to control the interaction with the substrate (dilution) has been addressed most frequently by means of deposition current or heat input [11] [12] [13] [14] .
Finally, many papers have been investigating and modeling the bead-cross section profile and bead overlapping (BO) on the characteristics of a welded surface. Bead width and height, in addition to the area of the cross-section of a single bead and the overlapping degree, have great influence on surface quality and dimensional accuracy [17] [18] [19] , but limited research on the effect of BO on coatings properties is available 15 Table 1 shows the chemical composition of the atomized CoCrWC alloy studied. Alloy powder with particle size range between 90 and 150 µm was deposited on a 400 x 400 x 12.5 mm AISI 316L stainless steel plate with no substrate pre-heating or torch oscillation, as seen in Table 2 .
Materials and Methods
Several studies have altered the intensity of the deposition current as a way to investigate the effect of interaction with the substrate (dilution) on single bead coatings 8, [11] [12] [13] [14] . Therefore, it was decided to test the effect of bead overlapping for two current intensities (or two levels of heat input), as shown in Table 3 . The first idea behind the experimental approach adopted was to determine the effect of 25 % overlapping on coatings features for the chosen heat inputs (conditions #1 and #2). This overlapping is equivalent to d = 0.75W, where "d" is the distance between the center of two adjacent beads and W is the bead width, according to the methodology proposed by Xiong et al. 17 . Afterward, the bead overlapping was increased to 50 % (d = 0.50W 17 ) for deposits with larger heat input (Condition #3). It is worth highlighting that the larger width of single bead obtained for the latter induced a productivity equivalent to condition #1, i.e. similar coated width (~40 mm) for a constant bead number.
In a preliminary step to the overlapping tests, a single bead geometry characterization of the coatings processed with 120 and 180 A deposition current (wettability angle, reinforcement thickness and width) was done in accordance with previous papers 8, 11, 13, 14 . Fig. 1 schematically shows the coated areas produced, emphasizing the positioning adopted for iron measurements (a), microstructure and hardness evaluation (b). Considering the iron content, the dilution was determined according to the Toyserkani standard methodology cited by Abioye, McCartney and Clare 20 .
Microstructure was evaluated in the middle of the bead cross-section using Scanning Electron Microscopy (see Fig. 1b ). Carbide volume fraction was determined on coatings cross-sections by way of digital analysis of the microstructure using Image J (TM) software 21 , with sequential stages in order to obtain binary images. X-ray diffraction analysis using Kα-Cu from 20 to 120º supported the microstructure description.
Micromechanical tensile and abrasive sliding wear tests were used to correlate the deposition current and overlapping with the mechanical properties of the coatings, as can be seen in Fig. 2 and Fig. 3 . Pins measuring 4 mm diameter were prepared from coatings by spark erosion cutting technique (see Fig. 2 ). They were weighted before the test, worn out against SiC paper #600 with 5 N load and 1.5 m/s tangential speed and re-weighted after each 125 m sliding distance, in order to determine the mass loss coefficient.
Tensile tests were used to assess the yield and tensile strength for the fourth deposited bead (Fig. 2a ). Elongation was also determined using MTS laser strain gauge, model LX500, bonding a reflective tape on the specimens with a known distance of 6 mm gauge length (Lo). Then, the distance between tapes was monitored and recorded in order to calculate elongation (ε = δL/L 0 (%)). Table 4 presents the geometry of single bead coatings, including wettability angle, width and reinforcement thickness. Visual inspection revealed sound coatings with no cracks or porosity, as shown in Fig. 4. Fig. 5 shows the iron content bead by bead and dilution curves of the coatings. It is worth noting that bead overlapping promoted a reduction in the iron content, thus reducing the dilution of coatings.
Results

Dilution and bead geometry
Coatings microstructure
Coatings microstructure was comprised of cobaltrich solid solution dendrites and an interdendritic region containing carbides, as seen in Figs. 6-8. Higher carbide fraction was measured for lower heat input 8, 10, 11, 14 and higher bead overlapping.
Two different carbides were formed on coatings: dark gray color M 7 C 3 type (where M: Chromium) in the interdendritic eutectic lamellar structure, and dispersed M 2 C white blocky (where M: Tungsten), as previously reported by literature and shown in Fig. 9 8 . Fig. 10 and Table 5 present the results of the additional punctual semi-quantitative Energy Dispersive Spectrometry (EDS), used to better describe the microstructure and the effect of interaction with the substrate on carbides and Co- rich solid solution. Punctual analyses were carried out bead by bead on the carbides, and confirmed that the dark gray are Chromium-rich and the white blocky are Tungsten base carbides (see Fig. 10 ). Further analysis involved punctual evaluation of iron content in Co-rich solid solution (Table 5 ).
Mechanical behavior of the coatings
In accordance with previous papers 8, [11] [12] [13] [14] [15] , coatings showed hardness dependence in relation to the deposition current, associated with the heat input on welding. The higher the heat input, the larger the microstructure coarsening (higher DAS -dendrite arm spacing) and dilution, accounting for the lower hardness verified for the 180 A deposition current. Furthermore, bead overlapping induces an increase in hardness from the second bead on, as shown in Fig. 11 . Linear correlation between sliding distance and mass loss and a near constant wear rate were measured with increasing sliding distance, in agreement with previous results 6, 8, 23 . Mass loss rate was influenced by the differences in the microstructure and hardness due to processing, as shown in Fig. 12 and Fig. 13 . Results indicate that either deposition Analysis of the chemical composition, hardness and wear tests showed that the effect of bead overlapping on coating features is most pronounced in the first and second beads. In light of the results obtained, tensile properties were evaluated for the fourth bead, in order to assess the differences on coatings. Fig. 14 and Table 6 show the typical tensile properties obtained for the coatings. Figure 5 clearly shows the effect of deposition current and bead overlapping on the dilution of coatings, i.e. high values can be observed for the first bead and, of course, for a higher deposition current. In fact, an interesting finding concerning the overlapping-dilution correlation is that as a new bead is applied for a constant heat input, a decrease in dilution is observed. Such drop in dilution is most pronounced in the second and third beads. Paes and Scheid 8 evaluated a CoCrWC alloy by PTA on stainless steel AISI 316 L and reported a drop in dilution as a lower deposition current was adopted for single bead coatings. Similar effect of deposition current on dilution was confirmed in this research.
Discussion
Apart from the dilution gradient observed in the coatings from the first to the fourth bead and also different dilution levels as a result of deposition current, differences in the chemical composition did not lead to the development of distinct phases in the coatings. A comparative approach of the XRD analysis indicated a cobalt-rich solid solution, M 7 C 3 (M: chromium) and M 2 C (M: tungsten) carbides ( Fig. 9 ) and hence, processing parameters have fundamentally influenced phase fraction in the alloy system studied (see Figs. 6-8 ). An investigation of the chemical distribution by EDS (Fig. 10) also pointed out the main phases in the microstructure and confirmed the results obtained in the chemical composition (spectrometry), showing a similar tendency regarding the iron content punctually analyzed in the Co-SS (Table 5 ).
In fact, it is believed that for the materials and conditions of testing employed here, the phase fraction in the microstructure is actually governed by a competitive process, which involved overlapping and deposition current. Considering the two levels of deposition current and bead overlapping evaluated, it is evident that deposition current showed to be the most relevant in relation to coatings dilution and microstructure. In addition, it is also worth highlighting the effect of overlapping when processing coated areas, once significant differences were observed, especially at the beginning of coatings (see Fig. 6-8 ). Regarding the effect of overlapping, it is reasonable to propose a model for the experimentally verified influence, as shown in Fig. 15 . Fig. 15 clearly shows that the dilution of multi-bead coatings is partially related with the previous bead melting (P) and substrate melted area (S). Hence, both "P" and "S" are directly dependent on the overlapping degree. This is a quite straightforward claim if the iron content is compared bead by bead for 120 and 180 A with 25% overlapping. Still, results become even more interesting if we compare the iron content of the specimens processed with 180 A for overlapping of 25 and 50%.
One of the main objectives of this research was also to correlate the effect of processing with the microstructure and mechanical behavior, and in effect it seems to inevitably not consider the effect of overlapping and deposition current (i. e. iron content) on hardness and wear behavior. Indeed, as the dilution increases, higher iron content tends to decrease the alloying elements such as Chromium, Tungsten and Carbon (see Fig. 9 ). Therefore, lower deposition current and higher overlapping degree promoted an increase in hardness, associated with higher volume fraction of carbides and solid solution strengthening (see Fig. 11 ).
Moreover, wear evaluation also confirmed important differences, which can be directly associated with microstructure (seeFigs. 12 and 13). Higher mass loss rate was measured for 180 deposition current, associated with lower carbide fraction. Likewise, better wear performance or lower mass loss rate was verified as a new bead was processed. Carbide fraction was clearly influenced bead by bead, accounting for the differences in performance observed for both 25 and 50 % overlapping. Finally, the best wear performance was obtained for the fourth bead at 120 A (25 %), due to higher quantity of interdendritic eutectic carbides.
Although differences were observed bead by bead, it was decided to evaluate tensile properties in the fourth deposited bead. It is now clear that, despite the larger differences correlated with the deposition current, significant differences due to the overlapping degree were observed in the mechanical behavior (see Fig. 14 and Table 6 ). On the one hand, dilution increase led to lower yield and ultimate tensile strengths, in contrast with the positive effect on ductility of coatings (higher elongation). Tensile properties were altered basically due to different carbide fraction and solid solution strengthening. Evidently, the first altered the free lengths of dislocation lines, modifying the shear stresses required for moving the dislocation line segments, and the latter (solid solution alloying) affected the dislocation mobility 24 .
Conclusions
The effect of bead overlapping on the microstructure and properties of CoCrWC alloy coatings processed on AISI 316L steel were assessed. The following conclusions can be presented:
• Regarding the same heat input on welding, dilution directly depends on bead overlapping and bead number, although greater differences were verified for beads 1 to 3. • Properties of carbide reinforced alloys processed by way of coated areas must take into account deposition current and bead overlapping, despite the first parameter being the most influential. • Hardness and wear evaluation indicated that the overlapping effect was more pronounced in the second and third beads. The greater the overlapping, the higher the hardness and wear resistance of coatings. • Lower dilution induced higher yield and ultimate tensile properties and lower elongation for CoCrWC alloy coatings, basically due to the effect of iron content on solid solution alloying and carbide fraction.
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